Abstract: Aircraft detection has attracted increasing attention in the field of remote sensing image analysis. Complex background, illumination change and variations of aircraft kind and size in remote sensing images make the task challenging. In our work, we propose an effective aircraft detection framework based on reinforcement learning and a convolutional neural network (CNN) model. Aircraft in remote sensing images can be accurately and robustly located with the help of the searching mechanism that the candidate region is dynamically reduced to the correct location of aircraft, which is implemented through reinforcement learning. The detection framework overcomes the difficulties that the current detection methods based on reinforcement learning are only able to detect a fixed number of objects. Specifically, we adopt the restricted EdgeBoxes that generate the high-quality candidate boxes through the prior aircraft knowledge at first. Then, we train an intelligent detection agent through reinforcement learning and apprenticeship learning. The detection agent accurately locates the aircraft in the candidate boxes within several actions, and it even performs better than the greed strategy in apprenticeship learning. During the final detection step, we carefully design the CNN model that predicts the probability that the localization result generated by the detection agent is an aircraft. Comparative experiments demonstrate the accuracy and efficiency of our aircraft detection framework.
Introduction
With the development of remote sensing technology and the improvement of image resolution, the automatic aircraft detection in high-resolution remote sensing images not only plays an important role in military application, but also becomes a hot spot in civil aviation field. Aircraft detection is one of the significant research areas in remote sensing image analysis.
Recently, object detection methods [1] [2] [3] [4] using convolutional neural networks have been proposed. With the help of these state-of-art methods, aircraft detection in remote sensing images has been greatly developed. The works in [5, 6] benefited from the rich feature representation of CNN model and effectively detected aircraft in remote sensing images. They outputted the coordinates of aircraft through the regression of neural networks.
The works in [7] [8] [9] took the object detection problem as the Markov Decision Process and trained detection agent based on reinforcement learning. The detection agent adopts the top-down searching process that firstly analyses the global image and then narrows down the local regions that contain object information step by step. However, these detection methods based on reinforcement learning only detect fixed number of objects, which can not address the challenge of aircraft detection in remote sensing images.
In our work, we propose an effective aircraft detection framework based on reinforcement learning and CNN (RL-CNN) model, which is shown in Figure 1 . The process of localization aircraft can be seen as an action decision problem with a sequence of actions to refine the size and position of bounding box. Active interaction to understand the image region, change of the correct bounding box aspect radio and selection region of interest are important to determine the accurate position of aircraft. Based on the characteristics of reinforcement learning and our specific aircraft localization process, we use reinforcement learning to learn and implement our framework. Compared with the object detection method based on reinforcement learning, our aircraft detection framework combines the advantages of reinforcement learning and supervised learning, and is able to detect unfixed number of aircraft in remote sensing images. In addition, compared with the structured prediction bounding box regression algorithms, our detection agent dynamically localizes aircraft. In our detection framework, an object proposal method is used to generate candidate boxes from original image. The detection agent training by reinforcement learning locates the aircraft in candidate boxes. Then, the candidate boxes converge around the aircraft. The CNN model scores each localization result, and we can detect any number and kind of aircraft in remote sensing images after non-maximum suppression.
Our work has the following contributions:
• We firstly combine the reinforcement learning and supervised learning in our aircraft detection framework. We train the aircraft detection agent with the deep Q learning method, and train the CNN model with supervised learning to learn the appearance characteristics of the aircraft.
•
We train the detection agent with reinforcement learning and apprenticeship learning, which guide the detection agent with the greed strategy. The detection agent even performs better than the greed strategy in some test samples.
Our detection framework overcomes the difficulty that the current detection method based on reinforcement learning can only detect a fixed number of objects. We can detect any number and kind of aircraft in remote sensing images.
Related Work

Aircraft Detection Method
Since many works have been done in aircraft detection of remote sensing images over the past years, it is still hard to use a universal detection framework to overcome all challenges in complex remote sensing images.
Sun et al. [10] adopted the spatial sparse coding bag-of-word model to detect aircraft. Zhang et al. [11] proposed a rotation invariant parts based model to improve the detection performance. Liu et al. [12] adopted the coarse-to-fine shape approach to recognize aircraft. These above approaches are effective in particular area. However, they often adopt the sliding-window, which followed a fixed path to search aircraft with redundant calculation. On the other hand, they have poor generalization because of the manual designed features.
Benefitting from the neural network, the detection frameworks based on rich feature representation and end-to-end training perform well. Diao et al. [13] built a deep belief net (DBN) model pre-trained by the restricted Boltzmann machines (RBM) to detect aircraft. Chen et al. [14] combined a deep convolutional neural network (DNN) with a deep belief net (DBN) in the task of aircraft detection. Xu et al. [15] proposed a unified aircraft detection framework to predict aircraft bounding boxes and class probabilities directly from an arbitrary-sized remote sensing image with the help of the fully convolutional network (FCN). Works in Wang et al. [16] , Xu et al. [17] and Zhao et al. [18] adopted the convolutional neural network in the processing of SAR images. Wu et al. [5] combined the object proposal method and convolutional neural network (CNN). With the deep neural network, Zhang et al. [6] proposed a multi-model ensemble method, which decreased the false alarm rate without prior information of interest regions in airport.
Deep Reinforcement Learning
Reinforcement learning is aimed at learning with rewards and sequential decision-making. It has been widely used in various applications such as robotics control, medical treatment, finance and games. For the first time, the work in DeepMind [19] proposed the combination of reinforcement learning and deep neural network to play Atari 2600 video games. In some games, the agent trained with q learning achieves superhuman performance. In addition, the AlphaGo in [20] won the Go competition studied by professional players for thousands of years. The agent in [21] trained through apprenticeship learning algorithms can directly control autonomous helicopters. The recent studies on reinforcement learning research focus on discrete or continuous control, value function [22] or policy [23] . Different from the methods with supervised learning, the approaches based on reinforcement learning attract more and more attention. The reinforcement learning proves a new method to handle traditional computer vision problems, such as visual tracking [24] , action recognition [25] and object detection [7] [8] [9] , by employing the deep reinforcement learning algorithms.
In the past two years, some object detection methods based on reinforcement learning have been proposed. With deep reinforcement learning, the agent in [7] learned a policy to locate a fixed number of objects through gradually narrowing the bounding box from the hole image to the ground truth. Actions in [7] can change the scale, location or aspect ratio of bounding boxes. The work in [8] reduced the number of actions to six, and it made the policy easier to optimize. Like [7] , the detection framework in [8] also used the inhibition-of-return mechanism to locate a fixed number of objects. Different from [7] , the agent in [8] adopted the hierarchical representation, which preformed the top-down search to locate objects. The work in [9] proposed a new method based on reinforcement learning to efficiently generate object proposals. The agent in [9] balanced the localization of covered objects and the exploration of uncovered ones with an effective reward function.
Proposed Detection Framework
In this section, we present the details of our aircraft detection framework (RL-CNN). In our work, the localization process is defined as the sequential Markov Decision Process (MDP) instead of the regression of the other detection framework based on neural network. With reinforcement learning, we train a detection agent that sequentially interacts with the remote sensing images step by step. The agent makes decisions about which area of the image should be concentrated on each step. Finally, the aircraft can be located by the agent. Figure 1 shows the proposed detection framework. Our aircraft detection framework has three components. Firstly, we adopt the restricted EdgeBoxes that generates the high-quality candidate boxes of the original image at first. Secondly, we train a detection agent through reinforcement learning and apprenticeship learning. The detection agent accurately locates the aircraft in the candidate boxes within seven actions, and it even performs better than the greed strategy in apprenticeship learning.
Finally, we carefully designed the CNN model that predicts the probability that the localization result generated by the detection agent is an aircraft, and we can generate the detection result through the non-maximum suppression. Three parts of the detection framework are detailed in the following sections.
Object Proposal Method
In the past, sliding windows was the main way to generate candidate boxes. However, it is an exhaustive search over the full image, and it is inefficient and time-consuming. Many object proposal methods were proposed and compared in the past few years [26] , such as Bing [27] , SelectiveSearch [28] , and EdgeBoxes [29] . Since the EdgeBoxes is efficient, we use EdgeBoxes to generate candidate boxes in our work. With the prior aircraft knowledge, we adopt a restricted EdgeBoxes to reduce the number of candidate boxes for the aircraft detection task in remote sensing images. Based on the fixed range size of aircraft, we added constraints to EdgeBoxes. The size of candidate boxes should observe the following rules:
where the W min , W max , H min , H max , R min and R max are constant value, and w and h are the width and height of candidate box. Thus, the widths, heights and their ratios of candidate boxes are in a specific range. Restricted EdgeBoxes can generate a moderate number of high quality candidate boxes of remote sensing images.
Detection Model Based on Reinforcement Learning
In this section, we present the details of our aircraft detection agent based on deep reinforcement learning. In our work, the aircraft detection is considered as a Markov Decision Process. With reinforcement learning, we train a detection agent, which sequentially interacts with the remote sensing images by selecting actions from the predefined action set. The total cumulative discounted reward represents the accuracy of localization in our aircraft detection task. The goal of detection agent is to maximize the total cumulative discounted reward.
Markov Decision Process in Aircraft Detection
Markov Decision Process (MDP) in our work is that the agent periodically and continuously observes the Markov Dynamic System (environment) and makes a sequential decision. MDP consists of three parts, the set of action A, the set of state S, and the reward function R. The agent receives the state s from the environment; then, it makes the appropriate action a on the environment. The environment receives the action, it transfers into the new state s and generates reward r of next time step. This is the basic transition (s, a, r, s ) in MDP of aircraft detection. Three components of the MDP in our detection framework are detailed in the following parts.
Action: The action set contains six actions. According to the results after choosing an action, the actions can be divided into two categories: one kind of action reduces the size of the image window to get a new observation area, the other kind of action indicates the aircraft is located and the MDP process ends. The reducing size actions contain five actions: top-left (A1), top-right (A2), bottom-left (A3), bottom-right (A4) and middle (A5). After choosing this kind of action, we make the width and height of new region retain three quarters of the upper image, and the shrink rate of the region is set to 3/4. When the shrink rate of the region is big, the new region retains more content of the upper image, and the localization process becomes longer. When the shrink rate of the region is small, the new region retains less information of the upper image, and the accuracy of localization decreases. Thus, we set the shrink rate to 0.75 for balancing the accuracy and efficiency of localization. The end action (A6) retains the entire upper image and takes it as the localization result. With this action set, we can balance the accuracy and speed of aircraft localization. Figure 2 shows the action set in MDP, and the new image windows are surrounded by red boxes after selecting actions.
State: Instead of the state in [9] , in our work, the state of MDP is a combination of two parts: the current region of image that indicates what the detection agent sees, and the history actions that the agent selected. These kinds of history actions are also used in [8] instead of the past frames. The history of selected actions is made up of the latest five one-hot vectors in series according to the chronological order, and each one-hot vector indicates which action is selected. Since there are six actions in the action set, the history action vector has 30 dimensions. Like the history action in [7] , the history actions in our work contribute to the stability of localization. Reward: The reward function plays an important role in MDP. The reward function R a (s t , s t+1 ) stand for that in state s t , the agent selects action a, and the state transfers to s t+1 ; then, the environment will give the reward to encourage or punish the detection agent according to the reward function. In our aircraft detection framework, the reward function indicates whether the action selected by the detection agent is good or not. We use the Intersection-over-Union (IoU) between the current region and the ground truth of aircraft to construct the reward function. The IoU between current region box and ground truth box is defined as:
where the r stands for the current region box, and the g stands for the ground truth box. For the reducing size actions, the reward function returns the improvement of aircraft localization accuracy. The reward function of this kind of action is defined as:
where, at time t, the region is r t , the state is s t , and the Intersection-over-Union is IoU(r t , g). Then, the agent takes action a t , the region r t transfers into r t+1 , the state transfers into s t+1 , and the Intersection-over-Union changes to IoU(r t+1 , g). When the IoU is increased, the agent gets a positive +1 reward. Otherwise, the agent gets a negative −1 reward.
For the end action, the MDP is ended, and the reward function returns the aircraft localization accuracy. The reward function of this kind of action is defined as:
where η is the end reward, and we set η to 3.0 in our work. If the IoU between the final region and the ground truth box is greater than the fixed threshold τ, the end reward is +3, and −3 otherwise. In the traditional aircraft detection, the threshold τ is often set to 0.5. This means that, when the final IoU is greater than 0.5, the detection result is considered as an aircraft. When the terminative threshold τ is big, the detection agent needs to search for more steps to achieve high IoU. When the τ is small, the termination condition is easy for the detection agent so the accuracy decreases. Finally, the τ is set to 0.6 for the balance between the accuracy and speed of aircraft localization.
Apprenticeship Learning in Aircraft Detection
The learning process of humans or animals are usually combined with imitation. According to the imitation, learners can avoid global searches and they can focus on more significant local optimizations. The kind of learning form in reinforcement learning based on expert demonstrations is called apprenticeship learning. Apprenticeship learning leverages human knowledge to efficiently learn good controllers.
In our work, we exploit prior human knowledge to help the detection agent learn the action control. We adopt the following prior greedy strategy:
Since we know the ground truth boxes in the training state, we can get six IoUs for six actions before the agent selects action. According to different IoUs, we can calculate different positive and negative rewards for each action. Thus, we guide the agent to take the action that can achieve the highest IoU. The action choosing based on greedy strategy observes the following rules:
where IoU next contains six different IoUs before selecting action. In apprenticeship learning, we guide the agent to choose the action a next for the highest IoU.
Deep Q Network Optimization
The detection agent interacts with the remote sensing images to maximize the cumulative discounted reward. We make a discount to future rewards through the factor γ; in our work, we set γ to 0.9. At time step t, the cumulative discounted reward (CDR) is defined as:
where T is the moment that the searching process is ended, and R t is the reward the agent receives, which is defined in Section 3.2.1. At state s, the action value function Q(s, a) guides the detection agent to select action a. Furthermore, according to Bellman equation, we can iteratively update to estimate the Q(s, a). The neural network with weights θ is used for approximating the action value function Q(s, a).
Instead of the single Q model in [7, 9] , we use the Q model with the targetQ model in [30] . When we process the optimization, the parameters of the previous iteration θ − remain unchanged through the targetQ model. The target network makes the optimization more stable. The update of neural network weights is defined as:
where a is the action the detection agent can select at state s , β represents the learning rate and γ represents the discount factor. The pseudo code for training the deep Q network is shown in Algorithm 1. Based on the ε − greedy policy and apprenticeship learning, the detection agent selects action to explore the new state and exploit the experience. 
Update the network parameters θ using backpropagation of (y j − Q(s j , a j ; θ)) 2 
Deep Q Learning Model
The MobileNets in [31] greatly optimizes the speed and model size, and it maintains state-of-art accuracy with the Depthwise Separable Convolution unit. In the stage of image feature extraction, we adopt the pre-trained MobileNets to generate features of the image. As illustrated in Figure 3 , our Q network contains four fully connected layer.
The first fully connected layer is the connection of two components: the 30-d history action and the 50176-d image features generated from the last convolutional layer of MobileNets. The second fully connected layer is combined with the Rectified Linear Unit (ReLU) and Dropout layers, and has 4096 neuron nodes. Then, the third fully connected layer is also combined with the ReLU and Dropout layers, and has 1024 neuron nodes. Finally, the last fully connected layer represents the q value of the action, and it has six output nodes in our work. 
Convolutional Neural Network Model
Presented by the Visual Geometry Group of the Oxford University, VGGNet in [32] is No.2 in classification task of the ILSVRC-2014. It achieves outstanding contribution through adopting the small convolution (3 × 3) and increasing the depth of network, and VGGNet has a perfect generalization ability for other datasets.
Due to the advantage of VGGNet, we use the pre-trained VGGNet in our CNN model to classify the image region located by the detection agent. We also adopt the BatchNormalization and Dropout layer in our CNN classification model. The BatchNormalization layer addresses the gradient problem of backpropagation and improves the capacity of the classification model. The Dropout layer prevents over-fitting and enhances the classification model.
We adopt a fully connected layer with 4096 neuron nodes at the top of the last convolutional layer in VGGNet, which extracts feature vectors to describe the image region. After the first fully connected layer, we employ a fully connected layer with 1024 neuron nodes. Finally, in the last fully connected layer, we use two neuron nodes instead of one thousand nodes in original VGGNet to solve the two category classification problem whether the image region is an aircraft or background. The CNN model outputs the probability that the image region is an aircraft.
In the detection part, we adopt the non-maximum suppression to reduce the number of extra bounding boxes for each aircraft. Then, we can get the final detection result.
Experiments and Analysis
We design several experiments to evaluate the performance of our aircraft detection framework in this section. Our detection framework consists of three parts: firstly, the restricted EdgeBoxes generates the candidate boxes of the original image; secondly, the detection agent locates the aircraft in the candidate boxes; and, finally, the CNN model predicts the probability whether the location result is an aircraft, and we can get the final detection results through Non Maximum Suppression (NMS). We expand the dataset in [5] to generate our own training and testing samples, which are collected from the Google Earth through the QuickBird. The ground truth bounding box is the minimum bounding rectangle of the aircraft, and all ground truth bounding boxes are manually annotated. We use our dataset to train and test the detection agent and the CNN model. Our reinforcement learning training dataset contains 2700 RGB images, and the testing dataset contains 500 RGB images with the same size of training data. The training and validation dataset of our CNN model contains 30,000 positive and 30,000 negative RGB sub-images cropped from the original images through the restricted EdgeBoxes. Finally, we test our aircraft detection system on the final 20 remote sensing images. All experiments are done on one NVIDIA K40M 12G GPU. Our detection framework is implemented using Keras.
Evaluating the Performance of Restricted EdgeBoxes
In this section, we compare the performance of the restricted EdgeBoxes, initial EdgeBoxes [29] and CEdgeBoxes [6] . H min and W min are set to 20, H max and W max are set to 160, R min is set to 1.0 and R max is set to 2.0. In traditional detection tasks, an object is detected if the IoU between the detection bounding box and the ground truth box is more than 0.5.
When we change the threshold of the IoU from 0.0 to 1.0, we can get different recall rates (RR) of aircraft. After drawing the RR-IoU curve, we can calculate the area between the RR-IoU curve and the IoU axis.
•
We use the average recall rate of aircraft (ARR) to stand for the value of this area. The ARR reflects the extent of coverage between the candidate bounding boxes and the ground truth.
•
We use the middle recall rate (MRR) of the aircraft stand for the recall rate, for which the threshold of IoU is set to 0.5. The MRR reflects the localization accuracy.
In the condition that the maximal number (MN) of candidate boxes per image is set to 5000, we use average number of candidate boxes per image (AN), average recall rate of aircraft (ARR), middle recall rate of aircraft (MRR) and average time per testing image (ATPI) as the evaluation standard to compare EdgeBoxes, CEdgeBoxes and the restricted EdgeBoxes. Table 1 shows that the restricted EdgeBoxes can get a compromise effect between the number of region proposals and the recall rate of aircraft. EdgeBoxes gets the 96.01% MRR and 77.05% ARR with the average 5000 candidates per remote sensing image. CEdgeBoxes gets the 96.01% MRR and 77.01% ARR with the average 3704 candidates per remote sensing image. In addition, the restricted EdgeBoxes gets the 96.01% MRR and 76.96% ARR with the only average 2386 candidates per remote sensing image. With the decrease of candidates, the restricted EdgeBoxes need less time to write candidates and labels to disks compared with other methods, about 0.516 s per testing image. Compared with EdgeBoxes, the restricted EdgeBoxes almost achieves the same average recall rate performance with only half of the candidates, and its processing speed is faster. Figure 4 shows the results of different methods that generate candidate boxes. The restricted EdgeBoxes significantly reduce the number of candidate boxes. 
The Detection Agent with Apprenticeship Learning
Training of Detection Agent
Through reinforcement learning, we train our detection agent on 2700 images. The parameters of the CNN feature part are fixed during the training. We make the detection agent interact with the 2700 images. When the detection agent finished interacting with all of the 2700 remote sensing images, one training epoch is finished, and we train the agent for 30 epochs. We use the ε − greedy policy in the training step. With the training going, the value of ε decreases from 0.9 to 0.1, which means that, in the beginning of the training, the detection agent has larger probability 0.9 to selection actions randomly for exploring the different states. The value of ε reduces 0.1 when one epoch is finished, and it is fixed to 0.1 at last. In the later epochs, the detection agent is more likely to select actions based on the trial and error for exploiting the experience learned by itself.
We train two kinds of detection agents. The first agent selects random actions in the exploration stage, and we call it the without-knowledge agent. On the other hand, we know the ground truth of the aircraft in the training stage, so the second agent selects actions guided by the greed strategy in apprenticeship learning that teaches the agent whose action is the best to get the largest increase of the IoU. We call it the with-knowledge agent. Each kind of the detection agent totally takes 120 million actions in 30 epochs, and the deep Q network updates 120 million times. The detection agent takes five actions to locate the aircraft on average.
Following the pseudo code in Algorithm 1, we train the deep Q network. There are some differences between Algorithm 1 and the algorithm in [30] .
• The algorithm in [30] guides the detection agent to select actions based on the deep Q network. Different from the algorithm in [30] , Algorithm 1 adopts apprenticeship learning to guide the detection agent at each training step.
• Algorithm 1 makes the ε in ε − greedy decrease when each training epoch is finished. However, the algorithm in [30] lets ε decrease at each training step. With this method, the training process is more stable.
•
The algorithm in [30] trains the deep Q network to play an Atari 2600 video game. However, the remote sensing image is more complex compared with the simple game screen. We set bigger experience replay buffer, and the buffer can store the MDP transitions of one training epoch.
Testing of Detection Agent
In this section, we evaluate the performance of our detection agents based on reinforcement learning and apprenticeship learning. We test our detection agents on 500 images. Since our agents directly give the locations of the aircraft in the images without outputting the confidence of the localization results, we do not use the traditional evaluation criteria on the test images. We continue to use the ARR and the MRR to evaluate the performance. We evaluate the random action agent, without-knowledge agent and with-knowledge agent in the testing 500 remote sensing images. The random action agent randomly selects actions without the guidance of the deep Q network. Figure 5 shows how the performance of the agents improves at different epochs on the testing 500 images. As Figure 5a ,b showed, the with-knowledge agent performs better than the without-knowledge agent and random action agent. After 30 epochs, the with-knowledge agent achieves 0.56 ARR and 0.76 MRR, the without-knowledge agent achieves 0.48 ARR and 0.65 MRR, and the random action agent that randomly chooses actions only achieves 0.05 ARR and 0.05 MRR. We also test the detection agent on the candidate boxes that are generated by the restricted EdgeBoxes of the final 20 remote sensing images after 30 epochs. Table 2 shows the ARR and MRR criteria of aircraft for different detection agents. The with-knowledge agent achieves the best performance. As Tables 1 and 2 show, the MRR of testing image is improved to 99.34% contrasted with 96.01% in Table 1 after the processing of with-knowledge detection agent. According to the test results, we take with-knowledge agent as the final detection agent, which is used in the following experiments.
Sometimes, the policy based on the detection agent, which learns through the reinforcement learning and apprenticeship learning, can even perform better than the greedy strategy in apprenticeship learning. Figure 6 shows that, in the same testing image, the greedy strategy and the detection agent take different actions, and they get different IoUs and localization results. The actions based on the greedy strategy follow the rule: taking the action that can get the highest IoU in each decision-making process. At last, the greedy strategy gets the 0.73 IoU for the test image. However, the detection agent trained by the greedy strategy achieves the 0.92 IoU for the same image. In the whole searching process, the agent does not take the action that achieves the highest IoU in the beginning, so the agent achieves a smaller IoU. However, in the long run, the agent learns to abandon the immediate interests and focus on the long-term reward. The detection agent is able to avoid the local optimization. Figure 6 . The first row is the action sequence and IoU based on the greedy strategy in apprenticeship learning, which is taking the action that can get the highest IoU at each time step. The second row is the action sequence and IoUs based on the detection agent, which learn according to the greedy strategy.
After the restricted EdgeBoxes processing, we can get many candidate boxes that may contain the aircraft. For each candidate box, the detection agent takes the whole candidate box and the 30-d action vector as the initial state. Then, the detection agent interacts with the environment, it apperceives the state, and it makes decisions about which action should be taken. Furthermore, the environment receives the new action and gives the new state and reward to the agent. Finally, the agent makes the terminate action; then, the final bounding box is regarded as the localization result. Figure 7 shows the results that the detection agent localized on the candidate boxes. As the first three examples showed in Figure 7a ,b, the three aircraft are in different locations, and the detection agent can successfully locate the aircraft. As the fourth example showed in Figure 7a ,b, when the candidate box contains the whole aircraft, the detection agent takes the original candidate box as the localization result. As the last example showed in Figure 7a ,b, when the aircraft size is small, the detection agent takes a long search path from the original candidate box and gets the final accurate localization result. Thus, the detection agent has a robust property to locate the different poses, kinds and sizes of the aircraft. 8 . Display of the result that the detection agent generated on one test image which has 1296 × 883 pixels. All boxes are located with red bounding boxes. (a) an example of the candidate boxes generated by the restricted EdgeBoxes on the test image; and (b) the result the detection agent generated, and the bounding boxes converge on the aircraft.
The Unfixed Number of Aircraft Detection in RL-CNN
In this section, we evaluate the unfixed number of aircraft detection in our RL-CNN. We compare our RL-CNN aircraft detection framework with the Hierarchical Object Detection with Deep Reinforcement Learning (HODRL) in [8] . We evaluate both aircraft detection frameworks on the testing remote sensing image.
Like [7] , the detection agent in HODRL locates objects from the hole image. To avoid endless attractions towards the region of interest, the detection agent in HODRL also adopts the inhibition-of-return (IOR) mechanism with that the historically and currently attended region is prevented from being attended again. It can locate objects through the fixed number of actions based on prior knowledge in VOC2007 [33] and VOC2012 [34] dataset. We set the largest number of actions made by the detection agent in HODRL to 150 and 200. We can get different detection results through different aircraft detection frameworks.
We calculate the mean IoU which measures the overall degree of closeness between the ground truth and the detection bounding boxes. As Table 3 shows, the mean IoU in RL-CNN is much higher than the mean IoU in HODRL(150) and HODRL(200). Consequently, the bounding boxes generated by RL-CNN locate aircraft accurately. Figure 9 shows the different detection results through different aircraft detection frameworks. Compared with Figure 9a , there are more detection results in Figure 9b because of the larger number of actions taken by the detection agent in HODRL. As Figure 9a ,b shows, the detection agent in HODRL only successfully locates a few aircraft; it also locates the wings and tails of some aircraft; furthermore, for most aircraft, it does not locate any part of them. The detection agent in HODRL has poor performance in remote sensing images because of complex background and the manually designed action number, which hardly handle the large and unknown number of aircraft. Compared with HODRL, Figure 9c shows that our RL-CNN aircraft detection framework, which benefits from the candidate boxes and the detection agent, trained through the reinforcement learning, successfully detects aircraft in the remote sensing image without the prior action number. 
The Overall Detection Performance
In this section, we evaluate the overall performance of our RL-CNN aircraft detection framework based on reinforcement learning and CNN model. An aircraft is detected if the IoU between the detection bounding box and the ground truth is higher than 50%. We adopt the Recall Rate (RR), Precision Rate (PR) and False Alarm Rate (FAR) to evaluate the performance of our detection framework. They are defined as:
We compare our RL-CNN aircraft detection framework with Histogram of Oriented Gradient Support Vector Machine (HOG-SVM), Multi-model Fast Regions CNN (MFCNN) [6] and Faster Regions CNN (Faster-RCNN) [1] , which are effective aircraft detection models. Figure 10 shows Precision-Recall curves of four detection models. RL-CNN detection framework performs better than the other three models. We calculate the mean IoU, which measures the overall degree of closeness between the ground truth and the detection bounding boxes. As Table 4 shows, the mean IoU generated by Faster-RCNN, MFCNN and RL-CNN is much higher than the mean IoU in HOG-SVM, and our RL-CNN achieves the highest mean IoU. The detection bounding boxes generated by RL-CNN cover the ground truth tightly. We compare the detection time on each testing image for four aircraft detection frameworks as Table 5 shows. Compared with MFCNN, our RL-CNN generates less candidate boxes. Thus, RL-CNN is faster than MFCNN. Benefitting from the Region Proposal Network, Faster-RCNN can directly process the input remote sensing image, and it needs less time than MFCNN and RL-CNN. Lastly, HOG-SVM only uses the simple HOG feature instead of the neural network, and it costs the least time. Table 6 shows a False Alarm Rate of four detection models at different given Recall Rates. Since the HOG-SVM uses the artificial HOG feature, sometimes it can not distinguish aircraft from the background in remote sensing images limited by the generalization of models, and it gets the biggest false alarm rate. The biggest RR in HOG-SVM only achieves 89.79%, so HOG-SVM has no FAR data in 95% RR. Different from the HOG-SVM, MFCNN, Faster-RCNN and RL-CNN benefit from the deep CNN structure, so they can effectively detect aircraft of different scales and shapes. Furthermore, the detection agent in RL-CNN locates aircraft step by step using the top-down searching policy implemented through reinforcement learning, and the RL-CNN finally detects aircraft in candidate boxes. The detection bounding boxes in RL-CNN are tighter compared with the detection bounding boxes in MFCNN and Faster-RCNN. The RL-CNN performs better than HOG-SVM, MFCNN and Faster-RCNN. Some detection results of different methods are shown in Figure 11 . The results show that our detection framework can accurately detect aircraft in remote sensing images. 
Discussion
By analyzing and comparing many groups of experiments, the validity of our proposed aircraft detection framework RL-CNN is verified. The main difference between our RL-CNN and the state-of-the-art aircraft detection framework is that we combine the intelligent detection agent that locates aircraft following the searching policy and CNN classification that is carefully designed to classify aircraft and background.
We train the aircraft detection agent with a deep Q learning method that is optimized for the aircraft detection task in remote sensing images. With the apprenticeship learning in training, Figure 5 and Table 2 show that the with-knowledge agent achieves better performance compared with the without-knowledge agent, which is trained through the algorithm similar with the work in [30] . More importantly, the with-knowledge agent learns to abandon the immediate interests and focus on the long-term reward to avoid the local optimization, as Figure 6 shows. • HODRL in [8] is a typical representative of object detection framework based on reinforcement learning. The experiment in Section 4.3 proves that previous detection framework based on reinforcement learning like HODRL is not suited for aircraft detection tasks in remote sensing images. Based on the special combination of detection agent and CNN classification, our RL-CNN is able to accurately locate any number of aircraft in remote sensing images.
•
Benefitting from the top-down step by step searching policy that is implemented through reinforcement learning, the detection result can cover aircraft tightly. Consequently, RL-CNN effectively detects aircraft in remote sensing image compared with state-of-the-art aircraft detection frameworks like HOG-SVM, MFCNN [6] and Faster-RCNN [1] .
Our RL-CNN aircraft detection framework offers perfect accuracy performance as the Precision-Recall curve and FAR-RR table show. However, the object proposal method still works as one independent part in our RL-CNN. Instead of the independent object proposal method, the region proposal network in Faster-RCNN is specially designed to generate high quality and less candidates. Consequently, the limitation of our work is that RL-CNN costs more running time compared with the state-of-the-art Faster-RCNN detection framework, which is showed in Table 5 .
Conclusions
In this paper, we firstly propose an effective and novel RL-CNN aircraft detection framework in remote sensing images based on reinforcement learning and the CNN model. The restricted EdgeBoxes generate the high-quality and small number of candidate boxes through the prior knowledge of aircraft. The intelligent detection agent based on reinforcement learns through exploration of new state and exploitation of its own experience, and it can accurately locate the aircraft in the candidate boxes step by step following the top-down searching policy. With the combination of detection agent and CNN models, which predicts the probability that the localization result by the detection agent is an aircraft, our RL-CNN framework can exactly detect aircraft in remote sensing images.
Experiments illustrate that the detection agent in our RL-CNN is able to abandon the immediate interests and focus on the long-term reward to yield superior performance. RL-CNN aircraft detection frameworks can successfully detect unfixed number of aircraft in the remote sensing images without the prior action number. Quantitative analyses of the experimental results demonstrate the state-of-the-art performance of the proposed RL-CNN aircraft detection framework.
Despite the superior performance, there are some shortcomings in our work. The independent object proposal method results in more running time. We consider exploring how to optimize the object proposal method for reducing running time and apply our aircraft detection framework to other target detection tasks in future work.
